A high-frequency part of the acoustic spectrum excited by an underwater explosion with cylindrical symmetry is investigated theoretically. It is assumed that the liquid is inviscid and incompressible, the surface tension is negligible and the model for the explosive source is infinite in extent. A simple solution can be obtained when the adiabatic exponent is equal to 1.625. This, fortunately, gets into the interval of permissible heat ratio values. It is shown that, in the first approximation, the spectral density of the acoustic energy emitted by the underwater explosion with cylindrical symmetry varies as the minus 2/7 power of the frequency and decreases approximately by 2 decibels per octave. Such slow decay of the spectral density versus frequency is due to the adopted assumption about liquid incompressibility.
Introduction
It is known that, in direct contrast with a case of spherical symmetry, the dynamics of cylindrical cavity in an unbounded incompressible liquid can not be described by an exact equation due to the logarithmic singularity at infinity [1] . The analysis of a one-dimensional potential isentropic flow in ideal liquid carried out by Kedrinskii [2] allowed him to construct an approximate equation for pulsations of one-dimensional cylindrical cavity in an incompressible liquid neglecting by the term <&r /4 (<P= r 0, where <P is the potential and a-const} in an acoustic approximation. This equation gives the possibility to estimate the pulsation period of a cavity containing detonation products. Analogous method based on the Kirkwood and Bethe hypothesis described by Cole [3] has been used by Kedrinskii [4] for solution of a problem of the propagation of cylindrical shock waves generated by an underwater explosion. This problem has much in common with a power-driven and adiabatic expansion into vacuum considered by Farnsworth et al. [5] and Farnsworth [6] . They showed that following the termination of a driving power pulse, matter continues to expand adiabatically although the motion is not self-similar, however, this adiabatic expansion problem allows analytical solutions to be obtained. As has been found in these works, the density profile decreases as a Gaussian in the far expanded material. The present study was undertaken as an attempt to evaluate an asymptotic behavior of the high-frequency part of the acoustic noise spectrum generated by underwaterexplosion with cylindrical symmetry. This problem is of interest for better understanding of processes connected with phenomena taking place during underwater and underground explosions of distributed charges.
2 Cylindrical cavity dynamics The approximate equation for the pulsations of a cylindrical cavity in an incompressible inviscid liquid as it has been obtained by Kedrinskii [1] assuming the sound speed c -> oo . 2 p In this equation, R is the radius of the cavity, p^ is the pressure in the cavity, p is the pressure at infinity, p is the liquid density and t is the time.
Assuming the adiabatic expansion of detonation products contained inside the cavity, the pressure in the cylindrical cavity may be expressed as
where 7?^ is the initial radius equal to the radius of the charge, 7 is the adiabatic exponent and p$ is the initial pressure in the cavity (for example, p^ 4 -10^ MPa for TNT). The adiabatic or polytropic exponent for the ideal gas assumed can be taken as y = 4/3, or 5/3 according to Fabbro et al. [71, or even 3 according to Kedrinskii [4] for gaseous explosion products. Supposing p^ » p^ in equation (1) and denoting a time derivative by the dot, the equation similar to the Rayleigh equation is obtained:
Multiplying it by 2R^~ R in order to equate the sum of first and second terms to the derivative of R^'K , one obtains
The integration constant C is determined from initial conditions: R = 0, R = R,, at t = 0,
and it is C = ^ R^ . (6) The integral in the left hand side of this equation can not be expressed in terms of elementary functions, but the integration can be carried out for certain value of heat ratio, 7 = 13/8 = 1.625. At this value of 7, the "binomial" integral in (9) can be calculated in the closed form. Denoting x = R/RQ (x > 1) gives and if y = 1.625, then the considered integral is
m +1 . and the Tchebyshev condition ( = integer, where m = 3/4 and n = -7/4 ) n is fulfilled. Then, by substitution -\ 1 -X = z , this integral (noted as "/") is reduced to the integral of rational function:
because at A* = 1, the lower limit of the integral turns it into 0. Using the expansion into series for root square and for areatangent leads (after 1 14 p I Yn T/~4 / -7/4 some algebraic transformations) to t = ----\] X " H-X -1 -X o \4 P 1, 4 Retaining the leading-order term gives t~ ---X . Then, the radiustime relation takes the form:
(14) W«PJ where, for brevity, the numerical coefficient is introduced p The cavity boundary velocity and acceleration are obtained by differentiation of (14):^ = __i^'\ A' = -6r"/\ d6) 7 49 3 Acoustic spectrum In the assumption that the perturbations in the vicinity of the expanding cavity are propagated instantaneously, the liquid is considered as incompressible medium. At large distances from the sourse of perturbations, the compressibility has to be taken into account. In the considered case, the acoustic emission is generated by a caviling cylindrical breakdown whose cross-sectional area, A = nR^, changes; according to Landau and Lifshitz [8] , the variable part of the acoustic adiabatic pressure is 2nr Applying this formula to the cylindrical cavity, one enables to obtain 08) The substitution of equations (14) and (16) where l(,'w) = 2 is the complex function of the frequency, 0). Taking into account that p$(t) = 0 at -°o < t < 0, and making use of the formula (3.381.5) from Gradstein and Ryzhik [9] this integral can be calculated (the multiplier 4pb^/7p is omitted): 27T J 271 where F(x) is the gamma function, F(l/7) ~ 6.55 .
The spectral density of an acoustic energy is the modulus square of A(ico) : S(w) = |A(m))|\ (23) therefore, with accuracy up to a numerical multiplier, the spectral density changes proportional to the minus 2/7 power of the frequency:
4 Conclusion The theoretical analysis of the frequency acoustic noise spectrum asymptotics is subjected to several rough approximations that certainly restrict the range of its applicability. First of all, the expression obtained (24) does not satisfy the condition that the value of the emitted acoustic energy has to be limited. However. the theoretical results allow the behaviour of the high-frequency part of the acoustic spectrum to be evaluated that may be useful for comparison with experimental data. As follows from (24), the spectral density decreases approximately by 201og 2 "2/7 ~ _ 2 decibels per octave. Such slow fall of the spectral density versus frequency should be explained by employing the simplified model of incompressible liquid and the Rayleigh equation for description of the complex process of the cylindrical cavity expansion. It may be noted that the theory gives the power exponent equal to -2/5 for the case of expansion or implosion of the spherical bubble in incompressible liquid [10] .
